CMOS-Based Bio/Chemosensor and Bioelectronic Microsystems  by Hierlemann, Andreas
  
Procedia 
Chemistry  
www.elsevier.com/locate/procedia 
 
Proceedings of the Eurosensors XXIII conference 
CMOS-Based Bio/Chemosensor and Bioelectronic Microsystems 
Andreas Hierlemann* 
ETH Zurich, Bio Engineering Laboratory, Department of Biosystems Science and Engineering, Mattenstrasse 26, CH-4058 Basel, Switzerland 
 
Abstract 
Microfabrication techniques and, in particular, complementary-metal-oxide-semiconductor (CMOS) technology have been used 
to devise chemo/biosensors [1-3] as well as bioelectronic microsystems [4-7]. Examples of micromachined bio- or chemosensors, 
such as cantilevers or micoelectrode arrays, will be shown, and the electrical interfacing of CMOS microelectronics with 
biological entities or electrogenic cells, i.e., cells that react upon electrical stimulation and, in turn, produce electrical signals 
(heart cells or neurons) are detailed. CMOS-based, fully integrated microelectrode arrays for bidirectional communication 
(stimulation and recording) with electrogenic cells are presented. These devices are capable of monitoring relevant 
electrophysiological responses of cells to electrical stimuli or to pharmacological agents with prospective applications in the field 
of bio-inspired information processing or pharmascreening. 
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1. Introduction 
The rapid development of integrated-circuit (IC) technology during the past decades has initiated many initiatives to 
fabricate sensors and microsystems on silicon or CMOS substrates (CMOS: Complementary Metal Oxide 
Semiconductor) [1-7]. A variety of micromechanical structures including cantilever beams, suspended membranes, 
freestanding bridges, etc. have been produced [1-3]. CMOS is the dominant semiconductor technology for 
microprocessors, memories and application-specific integrated circuits (ASICs). CMOS-chips generally consist of a 
substrate, the transistor components, the metal layers and a passivation layer on top (see Fig. 1). The substrate is a 
silicon wafer, the thickness of which depends on the wafer size: 525 µm for a four-inch wafer and 850 µm for an 
eight-inch wafer. Implanted in the silicon wafer are doped regions, which form together with polysilicon layers (e.g., 
transistor gate regions), and silicon oxide layers the transistor structures as defined during the CMOS process. Up to 
8 metal layers consisting of aluminum (down to a feature size of 0.18 µm) or copper (0.13 µm and 0.09 µm CMOS) 
are used to wire the electronic components and to establish connections to the outside world (bondpads). Intermetal 
oxide (Si-oxide) layers are used as electrical insulator between the different metal layers. Finally, silicon nitride, 
silicon oxinitride, or silicon oxide layers passivate the device and protect the electronics (Fig. 1).  
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Figure 1: (Left) Cross-sectional schematic of a CMOS chip showing the different functional layers and materials. The CMOS metals (metal 1 
and metal 2) consist of aluminum. (Right) Cross section of a CMOS chip showing the aluminum contacts (metal layer 3 of the CMOS chip) and 
the final Pt electrode shifted sideways after opening of the passivation.  
The two main advantages in using integrated-circuit or CMOS technology for bioelectronics include:  
(a) connectivity; larger numbers of transducers or electrodes can be addressed by on-chip multiplexing 
architectures 
(b) signal quality; the signal can be conditioned right at the electrode by means of dedicated circuitry units 
(filters, amplifiers) [1,2]. 
 On-chip microelectronics as provided by the use of IC or CMOS technology translate into system capability: 
signal conditioning can be performed on-chip, ensuring that minute neural signals are faithfully recorded; a CMOS 
system also enables, e.g., a bidirectional communication via electrodes (stimulation and recording); smart switching 
schemes allow for stimulating, e.g., a cell ensemble via an arbitrarily selectable set of electrodes, all while recording 
from other electrodes; on-chip analog-to-digital conversion means that such chip produces a robust signal that may 
be easily manipulated and transferred without compromising its information content. Moreover, the use of on-chip 
electronics allows for the monolithic integration of the complete system on a single chip, which leads to small 
system dimensions and low power consumption (no excess production of heat), which is a key requirement for, e.g., 
long-term culturing or the use for  implantable devices.  
The availability of multiplexers enables the integration of a large number of transducers or electrodes so that, 
e.g., measurements at high spatiotemporal resolution become feasible. A high transducer density, which cannot be 
realized without on-chip multiplexers and addressing, simply since it is impossible to establish thousands of physical 
or electrical connections from a millimeter-size chip, is an important asset in developing bioelectronic devices to, 
e.g., study the behavior of neural networks or other electrophysiologically relevant processes at cellular or even 
subcellular resolution [6,7].  
A disadvantage of CMOS chips is that silicon is not transparent to visible light in contrast to standard cell culture 
substrates used in biology. Additionally, the chip or its components can corrode upon operation and long-term 
exposure to liquids, such as salt water. Therefore, a good packaging solution is needed to, on the one hand, protect 
the chip against biological solutions and metabolic products of, e.g., a cell culture, and, on the other hand, to prevent 
cells from being poisoned or disturbed by toxic materials released by the chip, such as the CMOS metal aluminum 
that dissolves in saline solution. 
2. CMOS-Based Microsystems 
2.1. Cantilever System 
A CMOS-based cantilever system, monolithically integrated with feedback electronics, is shown in Fig. 2 [3]. 
The system is operated in liquid phase and includes sensor and reference cantilevers. The cantilevers consist of 
mainly silicon as well as vapor-deposited and thermal oxide and are magnetically actuated using Lorentz forces [3]. 
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They act as the frequency-determining element in a feedback oscillation circuit, which is entirely integrated on the 
chip with a counter. Sample measurements upon interval dosing of xylene in aqueous phase are shown in Fig. 2 [3].  
 
 
Figure 2:  CMOS-based cantilever array. (Left) Micrograph of the chip (3.5 x 2.1 mm2): The chip includes the cantilever array (1 reference and 3 
sensor cantilevers), analog feedback circuitry, a counter and a digital interface. (Right) Measurement results: Frequency shifts for different 
analyte concentrations (10 - 60 ppm) of xylene [3]. 
2.2. Bioelectronic Systems 
A prototype bioelectronic system includes a CMOS-based microelectrode array that comprises 11'016 metal 
electrodes and 126 channels on a single chip (Fig. 3) [6]. Each channel includes recording and stimulation 
electronics for bidirectional communication with electrogenic cells, such as neurons or cardiomyocytes. The 
prominent features of this chip include the possibility to perform subcellular-spatial-resolution recordings with 
3’150 electrodes per mm2 (electrode diameter: 7 µm, pitch: 17 µm) at high temporal resolution, a great flexibility in 
routing the 126 channels to the 11’016 recording sites, and very low noise levels (5-7 µVRMS) [6].  
 
Figure 3: CMOS-based microelectrode array. (Left) Micrograph of the chip (7.5 x 6.1 mm2). The electrode array  (1.8 x 2 mm2) in the center  is 
surrounded by three amplification and filtering stages per channel, by the stimulation buffers, the analog-to-digital converters and the digital core 
(bottom). (Right) Block diagram of the on-chip circuitry [6]. 
Instead of scanning the entire electrode array, the approach presented here provides a reconfigurable routing for 
an almost arbitrary set of electrodes to the readout channels (Fig. 3). The 126 readout channels provide the signal 
conditioning with the amplification being programmable from 1 to 10’000 in 18 steps. A first-order high-pass filter 
cuts off at 0.3 Hz, a first low-pass filter is tunable to either 15 kHz or 50 kHz, and a second low pass to 4 kHz or 
14 kHz. The signals are sampled at 20 kHz and digitalized using an 8-bit AD converter. The digital core of the chip 
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 is split into two parts. The transmitter controls the 16 successive-approximation analog-to-digital converters 
(ADCs), the corresponding multiplexers, and sends the data off chip together with the chip status and a cyclic 
redundancy check (CRC) for transmission error detection. The receiver decodes commands sent to the chip such as 
array configuration, amplifier settings and stimulation signals. Electrical stimulation signals are generated via an 8-
bit digital-to-analog converter (DAC) and transmitted to buffers, which, in turn, can be connected to the electrodes 
through the same routing scheme that is used for the readout [6]. 
 
 
Figure 4. (Left) SEM of the chip surface, on which chicken dorsal root ganglion neurons have been cultured for 2 days in vitro (DIV). Pt-black 
was used to form the electrodes. (Right) Biological measurements obtained from the CMOS microelectrode array. The top trace was obtained 
from a culture of dissociated rat hippocampal neurons. The two traces at the bottom were obtained from a Long-Evans rat acute brain slice 
preparation by electrodes, located at a distance of 38 µm. 
 
Biological measurements obtained with the high-density MEA are shown in Fig. 4 to illustrate the broad range of 
applications. The top trace stems from dissociated rat hippocampal neurons cultured for 16 DIV, which show bursts 
of network activity at that age. The two traces at the bottom are obtained from an acute parasagittal cerebellar slice 
from Long-Evans rats. The two electrodes have been located at a distance of 38µm (center-to-center). It is evident 
that signals from one of the neurons can be seen on several electrodes, which opens up new pathways and 
possibilities for neuronal signal processing. 
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